Introduction
Functionally graded material (FGM) is a new class of advanced composite material that consists of two or more constituents which arranged to be gradually changed in term of composition and properties along the thickness direction of the structure. For an FGM plate, the pure phase of the dissimilar materials will be either at the top and bottom surface of the plate and the intermediate of at least three layers between these pure layers will be the mixed composition between the materials at surfaces. The FGM technology is introduced to be a solution to the performance issues arising from sharp interface between dissimilar materials due to adhesion that induces substantial mechanical and thermal stresses. The fabrication of FGMs is commonly classified into two stages. In the first stage called gradation process, the spatially inhomogeneous structure is built and in the second stage called consolidation process, the structure will be transformed into bulk material. These process will be challenging depends on the type of the constituent materials that construct the FGM.
Nickel alumina (Ni/Al 2 O 3 ) is one of the various combinations of functionally graded metalceramic system. It is currently becoming a focal interest option for super heat resistant materials in many high-end applications such as aircraft fusion engine and armour equipments. This is due to the fact that both nickel and alumina precursors are stable and exhibit good high-temperature resistant properties. Nickel is high in ductility and specific stiffness while being resistant towards corrosion. Alumina, on the other hand, has high hardness and low coefficient of thermal expansion (CTE) which makes it suitable for use with metals. In addition, the combination of Ni/Al 2 O 3 constitutes high-bond strength and low-residual stress which further influence the high performance properties of the system in critical environment [1] [2] [3] [4] . The fabrication technique is usually decided based on several factors mainly the feasibility of the technique, type of material combination and type of FGM application. Of all the techniques, powder metallurgy (PM) has been a preferred choice due to its simplicity and applicability to a wide range of material combinations. Other prominent advantages of PM technique include the possibility of close control over the graded composition and the net or near net shape forming of the structural materials [5] .
The stresses due to thermal loading are generally generated during cooling of materials. In particular, since the temperature dependent properties are varied along the thickness direction of FG plate, the extreme residual stress change will leads to the delamination, crack and other structure failures. The residual stresses distribution in Ni/Al 2 O 3 FGM were computed using finite element method (FEM) by taking into account some measured CTE values to predict the position of cracks [6] . The residual thermal stress calculation also can be utilized for the optimization of the FGM layers [7] . Generally, the maximum principal stress theory which used in the ceramic material is applied to acknowledge the failure of FGMs [8] .
In this study, FEM was utilized to simulate the residual stress and deformation of Ni/Al 2 O 3 FG cylindrical plate. The results from these simulations will be used to determine the domination of the sintering temperature on the FG structure as well as detecting the location of the failure area. The numerical calculations will be followed by the experimental analysis in order to show the physical effect caused by the different sintering temperature on the fabricated Ni/Al 2 O 3 FG structures.
Theoretical Formulations
Theory of FGM. The basic concept of metal-ceramic FGMs produces the gradual properties and compositional changes in the phases along the thickness direction of the structure. The main advantage of FGMs compared to conventional laminated composites is that it has excellent mechanical properties on one side of the structure whereas another side has high thermal resistance properties. The key of fulfilling certain demand on FGMs is by evaluating the results from the gradation process. In term of properties variation, it is assumed that the material properties of FGM plate changes only in the thickness direction and remains homogeneous in other directions. The typical properties at an arbitrary point within the structure domain are calculated based on the linear rule of mixtures as follows [9] :
( 1) where V 1 and V 2 refer to the volume fraction of phase 1 and 2 of the mixtures, respectively with the V 1 +V 2 =1. In the other hand, P c could be the elastic modulus, Poisson ratio, density or the CTE of the mixtures.
Modeling of Thermal Residual Stress. It is known that temperature could affect the physical and mechanical parameters of materials. Because of that, the temperature as well as stress distributions of different mixtures will be changed after going through a sintering process. In this study, the residual thermal stress which assumed to be generated during cooling stage when sintered is computed using the FEM in ANSYS. The parameters considered for the analysis are Ni: E=200GPa, 3 where E, υ, α, k and ρ are the elastic modulus, Poisson's ratio, thermal expansion coefficient and density, respectively [8] .
The thermal strain, Ԑ T , of each homogeneous layer was calculated using:
where ∆T refers to the temperature change. If the [D] is the stress-strain matrix of the model, then the calculated thermal strain can be further used for determining the thermal stress, σ T such as follow:
Since it is assumed that the dispersion of the constituents in each FG layer and the joining between the interlayers are ideal, two dimensional analysis is enough for the analysis of the resulting stress fields. The simulation is run on two dimensional (2-D) cross sectional model that transformed from the three dimensional (3-D) cylindrical shape of the FG plate. The thicknesses of intermediate and the pure layers were assumed to be 1 mm and 1.5 mm, respectively. The axisymmetric model is discretized using 0.1 mm element size to produce 31,941 elements and 10,500 nodes. The geometry configurations, boundary conditions and the element type (8-node PLANE82) are depicted in Fig. 1 .
The load on the model is defined as the temperature drop in the cooling process during sintering. Modeling Method Validation. The reliability of the static structural analysis method is confirmed through the comparison of the results obtained from the present calculation with the established results reported in [8] . Fig. 2 indicates the distribution of the first principal stress through the outer surface of the specimen simulated from both calculations.
Experimental Procedures
Raw Materials and Fabrication. Fabrication of functionally graded Ni/Al 2 O 3 sample has been conducted via powder-processing technique referring to the work of previous researchers [3, 10, 11] with some modification in the powder properties and processing parameters. The constituent 
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powders used are Bendosen nickel powder and Sigma Aldrich hydrated alumina powder. Firstly, nickel and alumina powders were weighed and mixed according to the molecular percentage for each layer (20 wt.% Ni, 40 wt.% Ni, 60 wt.% Ni and 80 wt.% Ni). The powder mixtures were then sieved through 100µ-mesh sieve. To create a layered FGM body, the powder mixtures were gradually stacked in a 15 mm radius cylindrical die, sandwiched by pure alumina and nickel powder layers. The sample was compacted at a pressure of 23 ton using Toyo TL30 hydraulic press. It was observed from the construction of green compact that alumina layer should be placed on the bottom due to higher rigidity of alumina compared to nickel.
Figure 2:
Comparison of the 1 st principal stress computed using present simulation and the established work [8] with critical failure strength of the structure.
The green sample was then sintered using a tube furnace in a flowing argon gas atmosphere for 4 hours. The heating and cooling rate were set at 4⁰C/min and 2⁰C/min, respectively. Two identical samples were prepared at different sintering temperatures in order to compare the influence of sintering temperature on the FGM properties. The temperature of 1200⁰C and 1350⁰C were decided for sintering based on previous works of [3, 11] . The sintering curves include a preheating stage at 400⁰C for 1 hour for the pre-consolidation process of nickel particles.The thickness and mass of the green and sintered samples were measured for densities calculation, from which the shrinkage values were then computed. The microstructural properties of the FGM samples were characterized using optical microscope.
Results and Discussion
Computed Residual Stress. Fig. 3 shows the von-Mises stress distribution at the outer surface of the axisymmetric Ni/Al 2 O 3 FG specimens sintered under different sintering temperatures. It is indicated that the von-Mises stress arises within the increment in the sintering temperature. This analysis considered the von-Mises stress field as it was the highest stress distributions determined from the FEM calculation compared to the other principal stresses values.
The failure of ductile materials (metals) can be detected by using the von-Mises stress theory. However, for the brittle materials such as ceramics, different approaches known as the maximum principal and tensile stresses theories need to be considered. Fig. 4 shows the principal stresses as and von-Mises stresses distribution at the outer surface of the FG specimens sintered at 1200°C. The stress peaks of at almost every interface correspond to the expected crack or delamination at the surface of the structure. It is seen that the maximum von-Mises and 1 st principal stresses are located at the interface between pure Ni and the adjacent layer of 80wt.%Ni. This peaks might be relaxed by adjusting the composition transition between the adjacent layers. Morphological Characterization. Despite the apparent shining surface of nickel layer and distinct colours of other layers from the final structure, the micrographs of the sintered sample are needed to characterize the particle distribution and agglomeration in the samples. The cross sectional microstructure images of the FG samples captured under an optical microscope are illustrated in Fig. 5 . It is noted that the brighter area represents nickels phase, while the darker area represents the alumina phase. The decreasing of the brighter area components through the cross section indicates the lower and higher weight percentage of nickel and alumina constituent, respectively. The pure nickel and alumina layers at both ends show homogeneity of the phases, with relatively low level (10%) of fine residual porosity. However, porosity is higher in the pure nickel layer of the sample sintered at 1350⁰C. From the micrographs, it can be seen that alumina layer tends to agglomerate. This indicates that the constituent powders are not perfectly dispersed throughout the matrix, which consequently affects the sintering behaviors of the FGM structure.
Shrinkage. The diameters of the cylindrical FG plates before and after sintering were considered for the measurement of the specimen shrinkage. The shrinkage value which relates to the porosity reduction that occurs during consolidation process is needed to understand the sintering behavior of the FG plates. The different of the FG sample in term of radial dimension is illustrated in Fig. 6 (a) and the rough plot of the diameter values which respect to the minimum and maximum diameters of the FG samples before and after sintering are shown in Fig. 6 (b). It is indicated that the shrinkage amount of the sample sintered at 1350⁰C is higher than that sintered at 1200⁰C. This result reveals that the sintering behavior (porosity) of the sintered sample can be affected sintering temperature relative to the melting point of the constituent materials. The crack or layers delamination problem observed between pure Ni and 80wt.%Ni layers of sintered specimen shown in Fig. 6 (b) confirmed the failure estimated by the numerical works.
Conclusions
In this study, numerical calculations of the residual stress distribution of a cylindrical Ni/Al 2 O 3 plates are presented. The results shows that the sintering behaviors are effected by the sintering temperature of the FG samples. In future works, for the residual stress relaxation, it is recommended to vary the design parameters such as gradual interlayers and the thickness of the plates. As a result, the higher sintering temperature where the higher sinter bonding could be achieved can be determined to obtain the high performance FG structures. 
